Background: Selenomethionine, which is the principal dietary form of selenium, is metabolized by the liver to selenide, which is the form of the element required for the synthesis of selenoproteins. The liver synthesizes selenium-rich selenoprotein P (SEPP1) and secretes it into the plasma to supply extrahepatic tissues with selenium. Objectives: We conducted a randomized controlled trial to determine whether cirrhosis is associated with functional selenium deficiency (the lack of selenium for the process of selenoprotein synthesis even though selenium intake is not limited) and, if it is, whether the deficiency is associated with impairment of selenomethionine metabolism. Design: Patients with Child-Pugh (C-P) classes A, B, and C (mild, moderate, and severe, respectively) cirrhosis were supplemented with a placebo or supranutritional amounts of selenium as selenate (200 or 400 mg/d) or as selenomethionine (200 mg/d) for 4 wk. Plasma SEPP1 concentration and glutathione peroxidase (GPX) activity, the latter due largely to the selenoprotein GPX3 secreted by the kidneys, were measured before and after supplementation. Results: GPX activity was increased more by both doses of selenate than by the placebo in C-P class B patients. The activity was not increased more by selenomethionine supplementation than by the placebo in C-P class B patients. Plasma selenium was increased more by 400 mg Se as selenate than by the placebo in C-P class C patients. Within the groups who responded to selenate, there was a considerable variation in responses. Conclusion: These results indicate that severe cirrhosis causes mild functional selenium deficiency in some patients that is associated with impaired metabolism of selenomethionine. This trial was registered at clinicaltrials.gov as NCT00271245.
INTRODUCTION
Selenium is an essential micronutrient that functions through selenoproteins. The human genome encodes 25 selenoproteins, which have a variety of biochemical functions. When the selenium supply is inadequate, selenoprotein amounts decline with biochemical and, potentially, clinical consequences (1, 2) .
A number of investigators have reported that plasma selenium concentrations are depressed in patients with cirrhosis (3) (4) (5) (6) (7) (8) (9) , thereby raising the possibility that such patients are selenium deficient. Years ago, our group analyzed the plasma forms of selenium in patients with cirrhosis (5) . Selenoprotein P (SEPP1), 6 which accounts for approximately one-half of the plasma selenium in healthy US residents and is produced predominantly by the liver for the transport of selenium to extrahepatic tissues, was depressed in direct relation to the severity of illness [ChildPugh (C-P) classes]. In contrast, glutathione peroxidase (GPX) activity in plasma, which is a measure of GPX3 that accounts for w17% of plasma selenium in healthy subjects and is produced predominantly by the kidneys, was increased in proportion to the severity of the cirrhosis. Less than 3% of plasma selenium is in the form of small molecules, and the remaining large and variable fraction is in selenomethionine, most of which is in the primary structure of albumin at methionine positions (10) . We tentatively concluded that the patients with cirrhosis were probably not selenium deficient largely on the basis of the finding that plasma GPX activity increased with worsening illness. However, we noted that a definitive determination of the selenium status of patients with cirrhosis would require a selenium supplementation trial.
The Recommended Dietary Allowance for selenium is 55 mg (11) , and daily intakes of healthy residents of the United States have generally been reported to be.80 mg. Selenomethionine is the major form of selenium in the human diet. The origin of selenomethionine is plants that incorporate selenium into the methionine carbon skeleton in place of sulfur. In animals, selenomethionine is metabolized nonspecifically in the methionine pool ( Figure 1) . Selenomethionine is incorporated into the primary structure of proteins at methionine positions and is also converted to selenocysteine by the transsulfuration pathway (12, 13) . Free selenocysteine is catabolized by selenocysteine lyase, which produces selenide, an intermediate required for the synthesis of selenoproteins. Transsulfuration occurs predominantly in the liver, and cirrhosis impairs transsulfuration as evidenced by the increased plasma methionine concentrations observed in patients with cirrhosis (14) . Thus, cirrhosis might be expected to impair the conversion of the selenium in selenomethionine to selenide, thereby causing patients to be functionally selenium deficient (i.e., lacking selenium for the process of selenoprotein synthesis even though selenium intake is not limited). The regulation of selenium metabolism has recently been reviewed (12) .
We tested the hypotheses that selenium deficiency occurs in patients with cirrhosis and that inorganic selenium in the form of selenate would correct that deficiency but selenomethionine would not. After a pilot study was compatible with the hypotheses, a randomized controlled trial in a larger number of patient subjects was carried out with the use of plasma selenium biomarkers to assess selenium nutritional status. The results of both of these trials are presented in the current article and indicated that some patients with severe cirrhosis have mild selenium deficiency that can be corrected by the administration of selenate but not of selenomethionine.
METHODS
Both studies reported in the current article were carried out in accordance with the Helsinki Declaration of 1975 as revised in 1983.
Pilot study
Twenty-four healthy control subjects aged $18 y were recruited from the Vanderbilt Medical Center staff and assigned to 3 supplement groups of 8 subjects each. The assignments were carried out in a predetermined order so that the first of each 3 subjects was in the group that received a placebo, the second subject was in the group that received 200 mg Se as sodium selenate, and the third subject was in the group that received 200 mg Se as L-selenomethionine. Control subjects were compensated for their participation in the trial.
Patients with C-P class C cirrhosis (15) were recruited from the Vanderbilt liver clinics and assigned to the 3 groups in the same manner as control subjects were. Recruitment was terminated after 18 patients had been enrolled because of slow subject acquisition. A requirement for the study (control and patient subjects) was that subjects were not taking .25 mg Se supplements/d. One patient in the placebo group died of complications of liver disease before completing the study.
Control and patient subjects took their supplements daily for 28 d. Blood samples (20 mL) were taken by venipuncture on the day supplementation was begun but before ingestion of the supplement, and on the morning after the day of the last dose. Blood was treated with disodium EDTA (1 mg/mL) to prevent coagulation. Plasma was separated by centrifugation and frozen at 2808C until the analysis was carried out. Plasma was analyzed for SEPP1, GPX activity, and selenium. The Vanderbilt Institutional Review Board approved the protocol.
Randomized controlled trial

Study subjects
We recruited patients with cirrhosis from the liver clinics of Vanderbilt Medical Center. Exclusion criteria were as follows: 1) history of taking .25 mg Se supplement/d at any time within the past year, 2) a creatinine concentration $2 mg/dL, 3) an assessment by the patient's hepatologist of the patient being too unstable to complete the study, 4) age ,18 y, and 5) ongoing substance abuse. The permission to approach patients was obtained from their hepatologists. Ninety-nine subjects were enrolled after informed consent was obtained. Subjects lived in Nashville or #300 miles from Nashville.
Selenium supplements
Forms of selenium supplemented were L-selenomethionine, which is hereafter referred to as selenomethionine, and sodium selenate, which is hereafter referred to as selenate. The selenomethionine was a gift from V Badmaev of Sabinsa Corp., and the selenate was purchased from Spectrum Chemical. Formulation Technology compounded the selenium-containing tablets and the placebo tablets. The main filler used was microcrystalline cellulose with other excipients being stearic acid, croscarmellose sodium, silicon dioxide, and magnesium stearate. All tablets had the same appearance.
Tablets were analyzed for their selenium contents in our laboratory. Mean 6 1 SD results were as follows: placebo, no selenium detectable (,0.05 mg Se/tablet), n = 4; 200 mg Se as selenate tablet, 189 6 7 mg Se/tablet, n = 5; 400 mg Se as selenate tablet, 379 6 25 mg Se/tablet, n = 6; and 200 mg Se as selenomethionine tablet, 189 6 10 mg Se/tablet, n = 5.
Random assignment
Our goal was to study 144 subjects with cirrhosis (48 subjects from each C-P class). Within each C-P class, 12 subjects were to be studied in each of the 4 treatment groups for the first 28 d. To preserve the random assignment in case of an early termination, we divided the study into 3 independently randomized phases, each of which contained 16 subjects of each C-P class. Each phase was completed before the next one was begun.
Tablets for the 4 treatment groups were put into plastic medication containers (28 tablets/container) and assigned subject numbers. Subject numbers for the first phase were 101-148. Numbers for the second and third phases were 201-248 and 301-348, respectively. The 48 numbers of each phase were randomly assigned so that, within each C-P class, the 4 treatment groups each contained 4 subjects. Two persons who were not otherwise involved in the study carried out this random assignment with the use of a random number generator (www. randomizer.org/form.htm). Records that matched subject numbers with treatments remained sealed and unknown to subjects and investigators until all analyses had been completed.
As subjects entered the study, they were assigned numbers sequentially within their C-P groups. We were able to complete the first 2 phases and to enroll 3 subjects in phase 3 for a total of 99 subjects enrolled. Enrollment was terminated early because of the slow acquisition of subjects. This difficulty in acquiring subjects was in part because many patients with cirrhosis were taking multivitamins that contained amounts of selenium that excluded the patients from the study.
Overall study design
Each study subject completed the same protocol. The study was designed to last 8 wk with 2 sequential 4-wk sections. The first section studied 4 treatment groups (placebo, 200 mg Se/d as selenate, 400 mg Se/d as selenate, and 200 mg Se/d as selenomethionine), and each subject was randomly assigned to one of the groups. In the second section, all study subjects received 400 mg Se/d as selenate. Plasma obtained before the start of supplementation and on the morning after each supplementation section was analyzed for selenium biomarkers.
The purpose of the 4-8-wk supplementation of all patients with 400 mg Se/d was to allow us to inform subjects, before the study was concluded, whether their selenoprotein biomarkers suggested selenium deficiency. Preliminary SEPP1 and GPX assays of the initial and 8-wk samples were carried out #6 mo after the completion of each supplementation. We judged that selenium deficiency was possible if both selenoprotein biomarkers increased by 20% between the initial value and the 8-wk value. Five of the subjects were notified of their suggested selenium deficiency.
Study protocol
The study was conducted from 13 March 2006 through 9 December 2011. Patients were interviewed when they attended a liver clinic, and after informed consent was obtained, a 20-mL blood sample was taken by venipuncture in conjunction with the clinic blood sample or separately in the Vanderbilt General Clinical Research Center. The blood sample was treated with 1 mg disodium EDTA/mL to prevent coagulation, and plasma was separated by centrifugation. Each subject was given a medication container with 28 tablets that was identified only by a subject number. The subject was instructed to take one tablet each morning. On the day after the last dose had been taken another blood sample was obtained and the subject began taking 400 mg Se/d as selenate for 28 d. The final blood sample was taken on the day after the last 400-mg dose. The second and third blood samples were taken either at the Vanderbilt General Clinical Research Center or at clinics in towns that were convenient to the subjects.
Assays
Plasma samples were stored in aliquots at 2808C. Aliquots of initial and final plasma samples were assayed within 6 mo of their acquisition for purposes of notifying patients of the results. To generate the data in this report, all plasma samples from the randomized controlled trial were assayed in one run in our laboratory.
The SEPP1 concentration was determined with the use of an ELISA (16) , and GPX activity was determined by the coupled assay in the presence of 0.25 mmol H 2 O 2 /L as a substrate (17) . Selenium was determined by the fluorometric assay of Koh and Benson (18) as modified (19) . The analytic services core of the Vanderbilt Diabetes Center determined the methionine in the initial plasma sample with the use of the Waters Acutag method (Waters Corp.), and the Vanderbilt Hospital clinical laboratory performed the liver tests. Hybridomas that produced the 2 monoclonal antibodies that were used in the ELISA were given to us by Takeshi Naruse (Kaketsukenn) and were deposited in the Developmental Studies Hybridoma Bank at the University of Iowa (http://dshb.biology.uiowa.edu).
Outcomes
The primary outcome measure was to determine whether selenate supplementation would increase the 2 plasma selenoproteins. If so, these increases would indicate that the subject had been selenium deficient. The secondary outcome measure was to determine whether selenium as selenomethionine would increase the selenoproteins. If selenate increased the selenoproteins and selenomethionine did not, these results would indicate that the selenium deficiency had been accompanied by an impairment of selenomethionine metabolism. Because selenomethionine is largely metabolized in the liver, the finding would have implicated cirrhosis as the cause of impairment. These outcome measures were assessed after the study had been concluded and all analyses had been completed.
Compliance and withdrawals
Of the 12 intervention groups, only one group lost 3 randomly assigned subjects from the analysis (Supplemental Figure 1) . Five groups lost 2 subjects each, and 4 groups lost one subject each. In 2 groups, all randomly assigned subjects completed the study, and their results were analyzed. Seven of 17 subjects who were excluded from analysis were not compliant or gave no reason for their withdrawal. Five subjects withdrew because of complications that were attributable to their liver disease, and one subject had a liver transplant. Four subjects withdrew for personal reasons. Joseph A Awad served as safety monitor and reviewed the study activity each year.
Statistical analysis
Because of our finding that one-third of C-P class C subjects in the pilot study had responded to selenate, we estimated that a study of 12 patients/arm would have 80% statistical power to detect changes of $1.2 SDs. This estimate was based on a 2-sided a level of 0.05 with the use of Student's t test (20) . A Spearman correlation was used to assess bivariate continuous relations. Categorical variables were assessed with the use of a chi-square test in the 4 treatment groups except for variables with small cells, such as race, for which the likelihood ratio test was used. Continuous variables were assessed with the use of a nonparametric Kruskal-Wallis H test across the 4 treatment groups. For changes in continuous values, the nonparametric Wilcoxon's signed-rank test was used. Finally, a general linear model was used for the multivariate analyses of changes over time. All analyses were performed with the software program R (version 3.1.0; R Core Team) or IBM SPSS (version 22).
RESULTS
Pilot study
Responses of plasma selenium biomarkers to selenium supplements were assessed in healthy control subjects and in subjects with C-P class C cirrhosis. The original intent was to supplement 8 members of each group with the placebo, 200 mg Se as selenate, or 200 mg Se as selenomethionine daily for 4 wk. All controls were studied, but only 17 subjects with cirrhosis completed the study. Five of the subjects with cirrhosis received the placebo, and 6 subjects each received selenate and selenomethionine.
Supplemental Table 1 shows that none of the treatments significantly increased the mean of either selenoprotein biomarker in control or patient subjects. However, on a percentage basis, selenate had an apparently greater effect on both selenoproteins in patient subjects than did selenomethionine or the placebo. Supplemental Figure 2 shows that in 2 of 6 patient subjects administered selenate, both selenoproteins increased $30%. The increase in selenoproteins was reflected in increases of plasma selenium in the same subjects. No such increases in all 3 biomarkers occurred in other patient or control subjects (results not shown). These results indicate that control subjects in Nashville were selenium replete but suggest that some patients with C-P class C cirrhosis were selenium deficient. The findings are compatible with the hypotheses that some patients with C-P class C cirrhosis have functional selenium deficiency associated with impaired selenomethionine metabolism. Those results justified a larger trial.
Randomized controlled trial
Design and subject characteristics
The primary goal of the randomized controlled trial was to determine whether patients with cirrhosis have suboptimal selenium status. A significant increase in plasma selenoprotein biomarkers after patients had been supplemented with selenium would have indicated suboptimal status. Furthermore, an increase in biomarkers in response to selenate without such a response to selenomethionine would have suggested that the cause of suboptimal status was the impairment of the transsulfuration pathway or selenocysteine lyase by cirrhosis (Figure 1 ). Only patients with cirrhosis were enrolled in the randomized controlled trial because healthy controls had been shown not to respond to selenium supplementation in the pilot study (Supplemental Table 1 ) and in a larger study carried out in Nashville (16) . Table 1 lists the causes of cirrhosis in the patients studied. Approximately one-third of subjects had cirrhosis of an unknown cause, and another one-third of subjects had hepatitis C. Several diseases were responsible for cirrhosis in the remaining subjects. Table 2 presents demographics of subjects by treatment group. With the exception of age, demographic characteristics were randomly distributed in the treatment groups.
Determinants of the severity of liver disease were distributed evenly in the treatment groups ( Table 3) . Plasma SEPP1 and selenium concentrations were also evenly distributed in the treatment groups, but plasma GPX activity was unevenly distributed with the group that received 400 mg Se/d as selenate having higher GPXactivity values than those of the other treatment groups.
Cirrhosis severity affects plasma selenium biomarkers and methionine concentration
In this study, the C-P class was used to designate disease severity (15) . As an additional indicator of disease severity, model for end-stage liver disease scores were calculated for the patients (21) . Means 6 1 SDs were as follows: class A, 9.3 6 2.0, n = 27; class B, 13 6 3.9, n = 30; class C, 16 6 3.5, n = 25. Table 4 presents presupplement (baseline) selenium biomarkers and methionine concentrations. As disease severity increased, plasma SEPP1 and selenium concentrations fell as had been reported in an earlier publication (5). The GPX activity trended upward with increasing disease severity as reported previously, but the trend was not as statistically significant as it was in the previous study. Thus, presupplement plasma selenium biomarkers of subjects in the current study were consistent with results that we reported earlier, which showed that cirrhosis affected all 3 selenium biomarkers (5).
Plasma methionine concentration doubled between C-P classes A and C (Table 4 ). This finding was compatible with earlier reports (14) and indicates that cirrhosis impaired methionine metabolism in the current study subjects.
Adverse effects in subjects
Subjects in the current study were questioned at least twice about changes in nails and loss of hair. One subject who was taking 400 mg Se as selenate reported brittle nails toward the end of the study. No other subjects reported potential adverse effects.
Response of selenium biomarkers to selenium supplementation of subjects with cirrhosis analysis was carried out by 2 tests. The Kruskal-Wallis H test was used to compare the changes of a given biomarker between groups within a C-P class that were caused by the 4 different supplements. This test assessed the efficacy of the supplements relative to one another. The Wilcoxon's signed-rank test was used to determine whether biomarkers were increased from their initial (baseline) values by the specific treatments. This test was applied to treatment groups within C-P classes that were identified by the Kruskal-Wallis H test and allowed us to determine the magnitude of treatment group increases caused by supplementation. When analyzed with the use of the Kruskal-Wallis H test, significant differences in the GPX activity between each of the selenate groups and the placebo group were detected in C-P class B (Figure 2) . No other significant differences were detected by this test in either selenoprotein biomarker between treatment groups. There were differences in selenium amounts between placebo treatment groups and selenomethionine treatment groups in all 3 C-P classes. Also, the group that was taking 400 mg Se as selenate in C-P class C was significantly different from the placebo group.
The Wilcoxon's signed-rank test was applied to treatment values in C-P classes in which values were significantly different from one another according to the Kruskal-Wallis H test. GPX values were increased significantly (16% and 21%) by both doses of selenate in C-P class B (Figure 2) but not by the placebo or selenomethionine. No significant differences between selenoprotein responses of men and women to supplementation were detected (not shown) although patient numbers were too small to reach firm conclusions.
Selenium concentration increased significantly in all C-P classes supplemented with selenomethionine. The selenium On the basis of Pearson's chi-square test. 4 On the basis of the likelihood ratio test. Methionine, mmol/L 37 6 13 52 6 84 36 6 11 37 6 18 0.966 concentration was increased significantly by both selenate doses in all C-P classes. Both selenoproteins measured as biomarkers contributed to the selenium concentration, and thus, this result was consistent with increases in the selenoprotein biomarkers in these groups even though individual selenoprotein biomarker values did not always increase significantly. Supplemental Figure 2 shows that 2 of 6 C-P class C subjects supplemented with selenate in the pilot study responded with increases of all biomarkers, which suggested that the selenium status of patients with cirrhosis of a given C-P severity varies. Percentages of subjects in the randomized controlled trial who responded with a $20% increase in all 3 biomarkers are presented in Supplemental Figure 3 . Of 39 subjects supplemented with the 2 dose amounts of selenate, 8 subjects (21%) responded with a $20% increase in all 3 selenium biomarkers, whereas one of 21 subjects (5%) supplemented with selenomethionine responded in this manner. These observations are consistent with selenium status varying in patients with similar clinical assessments and also with an impairment of selenomethionine metabolism that causes functional selenium deficiency in some, but not all, patients with cirrhosis.
DISCUSSION
In the current randomized controlled trial, the Kruskal-Wallis H test indicated that, in C-P class B, both doses of selenate supplementation increased the plasma GPX activity significantly more than did the placebo, whereas selenomethionine supplementation did not cause such an increase. These results are consistent with some patients with cirrhosis having selenium deficiency. The failure of GPX activity to respond to selenomethionine supports the hypothesis that the selenium deficiency in cirrhosis is functional (i.e., caused by impairment of selenomethionine metabolism). Plasma selenoprotein biomarkers did not increase in healthy subjects supplemented with selenomethionine (16) (Supplemental Table 1 ).
What do the responses to selenate reveal about the frequency and severity of selenium deficiency in patients with cirrhosis? Twenty-one percent of the 39 subjects supplemented with selenate had $20% increases in all 3 selenium biomarkers (Supplemental Figure 3) . Broken down by C-P class, the percentages were 8% in class A, 21% in class B, and 31% in class C. Thus, it appears that selenium deficiency is more likely to occur as cirrhosis worsens and that its incidence approaches one-third in C-P class C patients.
The maximum group average response of a selenoprotein biomarker to selenate in the current study was 24% (with the SEPP1 concentration responding to 200 mg Se as selenate in C-P class C), which implied that the group average of the SEPP1 concentration had been 76% of the optimal concentration (defined as not limited by selenium availability) before supplementation. The cause of selenium deficiency in humans is usually inadequate dietary intake. Selenium intakes in US residents are usually .80 mg/d, and selenium deficiency has not been reported in these individuals (16) . Other regions of the world have lower selenium intakes that are directly related to Table 3 . When significant differences between treatment values were detected within C-P classes with the use of the KruskalWallis H test, letters are present above bars. Bars that do not share a common letter were significantly different at P , 0.05. Percentage values over bars within C-P classes containing significant differences between treatment values as determined with the use of the Kruskal-Wallis H test indicate how much the values were significantly increased (P , 0.05) by the supplement as determined with the use of Wilcoxon's signed-rank test. GPX, glutathione peroxidase; SEPP1, selenoprotein P. low soil-selenium bioavailability in the locales where their foods are produced. Many people in Europe have mild selenium deficiency with plasma SEPP1 concentrations w73% of the optimal concentration in one British study (22) . In 1999, residents of the South Island of New Zealand were reported to be moderately selenium deficient with SEPP1 concentrations w55% of the optimal concentration (23) . In 1987, a study of residents in a low-selenium area of China revealed that residents were more severely selenium deficient with dietary intakes w10 mg Se/d and plasma SEPP1 concentrations that were w14% of the optimal concentration (24) . The principal causes of this severe selenium deficiency were the local production of food on soil with low selenium bioavailability and limited access to food from other areas.
Although no morbidity associated with the selenium deficiencies in Europe or New Zealand has been consistently identified, the more-severe deficiency that occurred in China until w1990 was a prerequisite for the occurrence of a childhood cardiomyopathy named Keshan disease (25) . A similar cardiac injury has been produced in selenium-deficient mice by infection with the Coxsackie B3 virus (26) , which suggested that a viral infection might have triggered the cardiomyopathy that occurred in some of the severely selenium-deficient children.
Keshan disease disappeared in the late 20th century when improving economic conditions in China resulted in food being distributed from selenium-adequate areas to the seleniumdeficient areas. In a 2007 study of one of the selenium-deficient areas in China where Keshan disease had been endemic before 1980, healthy adults had plasma SEPP1 concentrations that were 36% of the values attained after selenium supplementation (27) . We did not study patients with cirrhosis in China but, on the basis of the results presented in the current study, patients with cirrhosis living in low-selenium areas might be expected to have more-severe selenium deficiency than healthy people do in the same areas.
The consequences of very-severe dietary selenium deficiency with a plasma SEPP1 concentration ,5% of selenium-replete values are not known in humans but have been studied in experimental animals. In the livers of severely selenium-deficient mice, the nuclear factor (erythroid-derived 2)-like 2-antioxidant responsive element pathway is activated with the induction of glutathione synthesis and the induction of a number of protective enzymes including heme oxygenase-1 and glutathione transferases (1) . Some toxicities in animals are lessened by selenium deficiency [e.g., acetaminophen and aflatoxin toxicities) (28) , but other toxicities are worsened. The redox cycling compound diquat causes massive liver necrosis in selenium-deficient rats (29) as does vitamin E deficiency (30). It is not known whether the relatively mild selenium deficiency associated with cirrhosis predisposes patients to injuries caused by other agents or clinical conditions. Studies to determine human selenium requirements have all been carried out in healthy subjects. In 2000, the US Recommended Dietary Allowance for selenium was set at 55 mg/d on the basis of plasma GPX activity optimization (reaching a plateau during progressively increasing selenium supplementation) (11) . A subsequent study that used the optimization of the plasma SEPP1 concentration to estimate the selenium requirement arrived at a value of w75 mg/d (27) . The doses of 200 and 400 mg used in this study were chosen to ensure that adequate selenium would be provided for selenoprotein synthesis. Such doses cannot be recommended for general use because epidemiologic studies have linked high selenium amounts in plasma and toenails with diabetes and other pathologic conditions (31) . Moreover, as shown in Figure 2 , the 200-mg dose was as effective as the 400-mg dose, which suggested that the dose needed to optimize the biomarkers in patients with cirrhosis is #200 mg. Thus, any selenium supplementation of patients with cirrhosis should be undertaken with caution.
What are some limitations of the current study? The study was designed to enroll 144 patients but enrolled only 99 subjects. Of the 99 enrolled patients, 82 subjects completed the study. These factors lessened the statistical power.
Another potential problem was the use of the plasma selenoprotein biomarkers in patients with cirrhosis. Previous studies have validated these biomarkers as indexes of selenium status in healthy subjects (27) , but it is possible that cirrhosis might alter the biomarker response to supplemental selenium and, thereby, impair its use in the assessment of selenium status (12) . Plasma SEPP1 originates mostly in the liver (32) , and cirrhosis causes it to be depressed even in patients who have been supplemented with selenate ( Figure 2 ). Plasma GPX3 originates mostly in the kidney (33) , and cirrhosis causes plasma GPX activity to increase. It is not known whether GPX3 or another GPX is responsible for this increased GPX activity or whether the incremental plasma GPX activity originates in the kidney or elsewhere. Despite these potential problems, GPX activity responded to supplementation with selenate in subjects with C-P class B cirrhosis, suggesting that it could be used to detect selenium deficiency.
In conclusion, we interpret the results of the current study as supporting the hypothesis that cirrhosis causes functional selenium deficiency in some patients by impairing selenomethionine metabolism, and the incidence of selenium deficiency increases as cirrhosis becomes more severe. These results raise the issue of whether patients with cirrhosis should be supplemented with inorganic selenium. Because the selenium deficiency we detected was mild, and selenium supplementation might have adverse effects, no recommendations for supplementation can be made at the current time. Additional studies will be needed to determine the dose of inorganic selenium needed to correct the functional selenium deficiency and, then, to determine whether correcting the selenium deficiency diminishes morbidity in patients with cirrhosis. In addition, assessments of selenium status in patients with cirrhosis residing in low-selenium areas of the world are needed.
